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Abstract: The aim of the present study was to examine the morphometric characteristics of follicle-stimulating hormone 
(FSH) and luteinizing hormone (LH) immunoreactive cells in the pituitaries of orchidectomized (Orx) and Orx testoster-
one- or estradiol-treated rats. Adult male Orx Wistar rats, 2 weeks post operation, received estradiol dipropionate (E) or 
testosterone propionate (T) for 3 weeks. Both controls, sham-operated (So) and Orx rats, were injected with solvent, in the 
same regime. Changes in the volume of pars distalis, the volumes of individual FSH- and LH-labeled cells, their numerical 
density and number were determined by unbiased design-based stereology. The FSH and LH intracellular content was 
estimated by relative intensity of fluorescence (RIF). We observed that Orx caused hyperstimulation of gonadotropic cells. 
Their volume, volume density, number, numerical density and intracellular hormone content significantly increased in 
comparison to So controls. Compared to Orx controls, T caused a significant decrease in the volume and volume density 
of gonadotropic cells and immunoreactive FSH and LH content in their cytoplasm. The volume of the pars distalis, the 
numerical density and number of gonadotropic cells were not changed as compared to Orx controls. Estradiol treatment 
caused a significant increase in the volume of the pars distalis, decreases in cell volume, volume and numerical density of 
gonadotropic cells, and FSH and LH intracellular content in comparison to Orx controls. The number of FSH-labeled cells 
increased. In conclusion, both T and E reversed all of the examined parameters of gonadotropic cells of Orx rats to the 
level of So controls, except in number.
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INTRODUCTION
Gonadotropes are cells in the anterior pituitary (pars 
distalis of the adenohypophysis) that produce two 
gonadotropic hormones to regulate the ovaries and 
testes [1]. Gonadotropins include luteinizing hor-
mone (LH), which is important in regulating ovula-
tion and luteinization of the ovarian follicles in the 
female. It regulates Leydig cells in the testes of the 
male. Another gonadotropin is follicle-stimulating 
hormone (FSH), which regulates the development of 
follicles in the female and sperm production in the 
male. Immunocytochemical studies have shown that 
most gonadotropes are bihormonal, i.e. they store 
both FSH and LH. The percentage of bihormonal 
and monohormonal cells varies significantly with the 
physiological state of the animal, such as castration or 
estrous cycle [2]. 
Healthy reproduction requires the precise regu-
lation of FSH and LH. This regulation consists of a 
number of feedforward and feedback signals. It is 
widely accepted that in male mammals the levels of 
circulating LH and FSH are largely determined by the 
stimulatory effects of the gonadotropin-releasing hor-
mone (GnRH) and activins, and the inhibitory effects 
of steroids and inhibin [3]. Testicular androgens have 
a main negative feedback effect, which has been dem-
onstrated in early studies where castration resulted in 
a significant increase in circulating LH and FSH and 
was subsequently prevented by the administration of 
physiological doses of testosterone [4]. Further studies 
have demonstrated that the feedback effects of testos-
terone are mediated at the level of the hypothalamus 
and the pituitary. However, estradiol can also act on 
the hypothalamus or pituitary via a feedback-regulat-
ing mechanism. The specific role of each sex steroid 
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in the regulation of gonadotropin negative feedback 
is still not completely explained.
Estrogen [5] and androgen [6] receptors have 
been found on the pituitary gonadotropic cells of 
rats, but their exact role and significance is not yet 
clear. Recently, O’Hara et al. [7] reported that andro-
gen receptor signaling is dispensable in the mouse 
male pituitary for testosterone-dependent regulation 
of LH secretion, since blood levels of testosterone and 
gonadotropins were unchanged in mice lacking the pi-
tuitary androgen receptor. On the other hand, Lindzey 
et al. [8] reported that androgen receptor signaling 
pathways are important in regulating the hypotha-
lamic GnRH content, and hence the observed blood 
levels of gonadotropins in male mice.
The effects of both estrogens and androgens and 
the role of their respective receptors in the regulation 
of gonadotropin synthesis and secretion have been 
mostly examined in the animal model of castrated ro-
dents. Castration causes hyperstimulation of gonado-
tropes and promotes their bihormonal state [9]. These 
cells are called castration or signet ring cells, and are 
prominent in the pars distalis of castrated males [10]. 
Ultrastructurally, they contain an extremely dilated 
and rough ER, a well-developed Golgi complex and 
numerous secretory granules. Estradiol and testoster-
one both bring about the recovery of castration cells 
and suppression of circulating LH, while differently 
regulating the expression of granins, proteins colocal-
ized with gonadotropins in secretory granules [11]. 
The classic stereological and morphometric ap-
proach has been used to characterize changes caused 
by castration [9,12]. However, to the best of our 
knowledge, stereological features of castration gonad-
otropes after they have been exposed to the influence 
of sex steroids have not examined. Bearing in mind 
the different effects of male and female sex steroids on 
the population of gonadotropic cells, the aim of this 
study was: (i) to estimate the changes in the morphol-
ogy of gonadotropic cells following castration using 
an unbiased, design-based stereological approach; (ii) 
to analyze the recovery potential of testosterone and 
estradiol treatments; (iii) to evaluate the intracellular 
content of immunofluorescently labeled gonadotrop-
ic hormones in castration cells and after sex steroid 
treatments, and (iv) to compare the effects of testos-
terone and estradiol on all the examined parameters.
MATERIALS AND METHODS
Animals and experimental design
All animal procedures were in compliance with 
Directive 2010/63/EU on the protection of animals 
used for experimental and other scientific purposes, 
and were approved by the Ethical Committee for 
the Use of Laboratory Animals of the Institute for 
Biological Research “Siniša Stanković”, University of 
Belgrade. All surgeries were performed under anes-
thesia, and all efforts were made to minimize the suf-
fering of the animals.
The experiments were performed on adult 
2-month-old male Wistar rats that were bred in the 
facilities of the institute. The animals were housed 
under standard environmental conditions (a 12 h 
light/dark cycle, 22±2C). Standard food pellets and 
water were provided ad libitum. The experimental 
animals were bilaterally orchidectomized (Orx) or 
sham-operated (So) under ketamine anesthesia (ket-
amine hydrochloride 15 mg/kg bw; Richter Pharma, 
Wels, Austria). Two weeks after surgery, the Orx rats 
were divided into three groups, each consisting of 6 
animals. They were subcutaneously injected with 5 
mg/kg bw testosterone propionate (T) (Fluka Chemie 
AG, Buchs, Switzerland) or 0.625 mg/kg bw of es-
tradiol dipropionate (E) (Galenika, Belgrade, Serbia; 
Orx+E) every day for three weeks. The control Orx 
and So groups received equivalent volumes of sterile 
olive oil and served as controls.
The used dose of E was a high pharmacological 
dose previously shown to elicit a strong estrogenic ef-
fect on the somatotropic and hypothalamo-pituitary-
adrenal axis in the experimental model of young cas-
trated rats [13,14]. This dose is the same as used in the 
experiments of Nolan and Levy [15], who examined 
the trophic effects of estradiol on the mitotic activity of 
pituitary cells following gonadectomy, and is equivalent 
to about 1.3 mg per week per rat. T at a dose of 5 mg/
kg bw shows osteoprotective effects in orchidectomized 
mice and rats [16,17], and in our experimental model 
raised the concentration of testosterone ten-fold in 
comparison to So rats (data not shown).
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Tissue preparation and immunohistochemistry
The pituitary glands were excised, fixed in Bouin’s 
solution for 48 h and dehydrated in increasing con-
centrations of ethanol and xylene. After embedding 
in HISTOWAX (Histolab Product AB, Göteborg, 
Sweden), serial sections of 3-μm-thick pituitary slices 
were placed on silica-coated glass slides (SuperFrost 
Plus, Prohosp, Denmark) and immunohistochemi-
cally stained. Series of sections cut through three tis-
sue levels (dorsal, middle and ventral portions) of the 
pars distalis were used for immunohistochemical and 
immunofluorescence localization of βFSH- and βLH-
containing cells. Sections were analyzed with a light 
(Olympus BX-51) and confocal laser scanning micro-
scope (Leica TCS SP5 II Basic, Leica Microsystems 
CMS GmbH; Germany). After rehydration, the sections 
were stained immunohistochemically. Gonadotropic 
cells were visualized by the peroxidase enzymatic meth-
od or immunofluorescently, as previously described 
[18,19]. In both cases, anti-rat βFSH (1:300 v/v) and 
anti-rat βLH polyclonal antibodies (1:500 v/v) served 
as primary antibodies. Antisera to rat βFSH (NIDDK-
anti-rBetaFSH-IC1, Lot# AFP-7798 1289P) and βLH 
(NIDDK-anti-rBetaLH-IC Lot# AFPC697071P) were 
obtained from Dr. A. F. Parlow, National Hormone 
Peptide Program (NHPP), Harbor-UCLA Medical 
Centre, Carson, CA, USA. After washing in PBS, the 
sections were incubated with secondary antibodies: 
either polyclonal swine-anti-rabbit IgG/HRP (Dako 
A/S, Glostrup, Denmark), or Alexa Fluor 488 donkey 
anti-rabbit IgG (Molecular Probes, Inc., USA, 1:200). 
For light microscopy, antibody localization was visual-
ized using a 0.05% DAB liquid substrate chromogen 
system (Dako A/S, Glostrup, Denmark). The sections 
were thoroughly washed under running tap water and 
counterstained with hematoxylin.
For the evaluation of the intracellular FSH and 
LH protein (hormonal) contents, an Ar-ion 488-nm 
laser was used for excitation of fluorescence. Analysis 
of confocal microscopy images was performed using 
the Quantify option in LAS AF Lite software (Leica 
Application Suite Advanced Fluorescence Lite/1.7.0 
build 1240, Leica Microsystems CMS GmbH; 
Germany). Relative intensity of fluorescence (RIF) in 
the cytoplasm of pituitary gonadotropes was evaluated 
according to previously described procedures [14,19].
STEREOLOGICAL MEASUREMENTS
All stereological analyses were carried out using a 
workstation comprised of a microscope (Olympus 
BX-51) equipped with a microcator, a motorized 
stage and a CCD video camera. The whole system 
was controlled by the newCAST stereological software 
package (VIS-Visiopharm Integrator System, version 
3.2.7.0; Visiopharm; Denmark). The main objectives 
were planachromatic 4, 40 and 100 × lenses. Control 
of stage movements and interactive test grids and un-
biased dissector frames were provided by the new-
CAST software package.
The volume of pars distalis (V), which served as 
a reference volume, was estimated using Cavalieri’s 
principle [20]. As every 20th section from each tissue 
block was analyzed, the mean distance between two 
consecutively studied sections was 60 μm. 
Section pairs from the dorsal, middle and ventral 
portion of the pituitary pars distalis were immunohis-
tochemically stained and used for estimation of the 
FSH and LH numerical densities (NV). The numerical 
density, or the number of cells per volume unit, was 
estimated using a physical dissector design. Nuclei of 
gonadotropic cells were designated as the reference 
points, and the cells were counted according to the 
counting rules: (i) if their nuclei appeared within the 
unbiased counting frame in the reference section; (ii) 
if they did not touch forbidden lines of the frame or 
its extensions, and (iii) if they did not appear on the 
look-up section. The numerical density (NV) is the 
number of counted cells (Q-) contained in an analyzed 
tissue volume (Vanalyzed). The volume of the analyzed 
tissue is estimated as the product of the number of 
counting frames (ΣPi ), the area of the counting frame 
(a=25002 ) and the dissector height (h), which was 
equal to section thickness (3 μm). These relations are 
presented in the following formula: 
haPi
Q
V
QN n
i
analyzed
V
××
==
∑
=
−−
1
The number of gonadotropic cells per pars dis-
talis is the product of NV and the volume of the pars 
distalis.
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Cells that were counted using a physical dissector 
were sampled for cell volume estimation by a planar 
rotator tool as previously described in detail [21]; 
150-200 FSH- and LH-immunoreactive nucleated 
cells were counted per animal (objective magnifica-
tion was 100x). The volume density (VV) of gonado-
tropic cells was calculated as the ratio of the number 
of points hitting FSH- or LH-immunoreactive cells 
and the number of points hitting the reference space. 
This parameter was estimated on the same sections 
that served for NV and cell volume estimation.
Statistical analysis
All results were expressed as means for six animals per 
group±standard deviation (SD). The data were tested 
for normality of distribution by the Kolmogorov-
Smirnov test. One-way analysis of variance followed 
by the Newman-Keuls test were used for comparison 
of differences between the groups. A probability value 
of 5% or less was considered as statistically significant.
RESULTS
Histological analysis
Gonadotropic cells in pituitaries of So males (Figs. 1a 
and b) are oval to polyhedral in shape, with often ec-
centrically positioned nuclei. They are mostly regularly 
distributed throughout the pars distalis and often can 
be seen in close contact with blood capillaries. After 
Orx, gonadotropic cells were hypertrophic, strongly 
staining immunohistochemically and often vacuolated 
(Figs. 1c and 1d). After the treatment with T, the ap-
pearance of the gonadotropic cells was similar to those 
in the pituitaries of So males. In comparison to Orx 
gonadotropic cells, they were smaller in size without 
cytoplasmic vacuolation (Figs. 1e and 1f). Treatment 
with E changed the histological appearance of gonad-
otropic cells. They were significantly smaller in size 
compared to cells in the pituitaries of Orx males and 
mostly polyhedral in shape (Figs. 1g and 1h).
Stereological analysis
The volume of the pars distalis (V) was not changed in 
Orx males compared to So males (Fig. 2a). However, 
the volume of gonadotropic cells (Vc) significantly 
increased, by 81.4% in FSH- and by 49.3% in LH-
immunolabeled cells after Orx (Fig. 2b). This was fol-
lowed by 3- and 4-fold increases in volume density (VV) 
of FSH- and LH-immunoreactive cells, respectively 
(Fig. 2c). Orchidectomy also caused an increase in the 
number (No) of gonadotropic cells (by 52.9% in FSH-
labeled and by 89.6% in LH-labeled cells) (Fig. 2d), and 
their numerical density (NV; by 43.2% in FSH-labeled 
and by 75.8% in LH-labeled cells) (Fig. 2e).
Compared to the Orx values, treatment with E 
increased the volume of the pars distalis (V) by 93.2% 
(p<0.05), while the treatment with T did not have a 
similar effect (Fig. 2a). However, the volume of go-
Fig. 1. Immunohistochemical staining of gonadotropes in the 
pituitaries of male rats. Representative micrographs of FSH (a, c, e, 
g) and LH (b, d, f, h) cells in pituitaries of So (a, b), Orx (c, d), and 
Orx rats treated with T (Orx+T; e, f) and E (Orx+E; g, h). In the 
pituitaries of Orx rats, gonadotropic cells are hyperstimulated (c, 
d), i.e. larger in size and with a vesiculated cytoplasm (arrows). Af-
ter treatment with either T (e, f) or E (g, h), the FSH and LH cells 
were smaller, and a vesiculated cytoplasm was no longer present.
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nadotropic cells (Vc) was decreased to the same extent 
(p<0.05) in both treated groups (Fig. 2b).
In the pituitaries of Orx+T males, the volumes of 
FSH- and LH-immunoreactive cells were decreased 
by 52.8% and 55.5%, respectively, as compared to the 
Orx group. E decreased the volume (Vc) of FSH- and 
LH-labeled cells by 54.7% and 58.8%, respectively 
(Fig. 2b). The volume densities (VV) of gonadotropic 
cells were also significantly decreased, but to a greater 
extent after the treatment with E. Namely, E caused a 
decrease in VV of FSH- and LH-immunoreactive cells 
by 47.4% and 76.1%%, respectively, while T caused 
decreases by 32.9% and 50.11%. 
The total number (No) and numerical density 
(NV) of gonadotropic cells did not change after the 
treatment with T, whereas in the pituitaries of Orx+E 
males, the total number of FSH-reactive cells was in-
creased (p<0.05). The number (No) of LH-labeled 
cells was increased as compared to the Orx group, 
though statistical significance was not observed (Fig. 
2d). On the other hand, the numerical density (NV) of 
FSH- and LH-immunoreactive cells was significantly 
decreased in Orx+E males (Fig. 2e).
Immunofluorescence analysis
Gonadotropic cells of So males possessed a strong im-
munofluorescence signal of labeled hormones local-
ized in the cytoplasm. After Orx, gonadotropic cells 
had more pronounced FSHβ (by 23.1%) and LHβ 
(by 45.3%) immunofluorescent (IF) signals as com-
pared to the So group (Figs. 3a and 3b). The treatment 
of Orx males with T lowered the IF signal in both 
FSH- and LH-reactive cells, and the relative intensity 
of fluorescence (RIF) was significantly decreased by 
39.8% and 41.8%, respectively, as compared to Orx 
animals (Figs. 3a and 3b). Estradiol also decreased 
RIF in both FSH- and LH-labeled cells by 29.5% and 
30.1%, respectively (Figs. 3a and 3b).
DISCUSSION
Gonadectomy in rodents is a widely used experimen-
tal model for examining the regulation of FSH and LH 
synthesis and release. The population of gonadotropic 
cells undergoes a dramatic functional and morpho-
logical modification resulting from the removal of 
Fig. 2. Stereological parameters of gonadotropes in the pituitaries of male rats. A – volume of the pars distalis (V; mm3); b – cell volume 
(Vc; µm3); c – volume density (VV; %); d – cell number (No); e – numerical density (NV; mm-3) of FSH- and LH-immunoreactive cells 
in the pituitaries of sham-operated (So), orchidectomized (Orx), and orchidectomized rats treated either with T (Orx+T) or E (Orx+E). 
All values are provided as the mean±SD; n = 6. *p<0.05 Orx vs. So; #p<0.05 Orx treatment vs. Orx control.
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the negative feedback exerted by gonadal hormones, 
both at the hypothalamus and at the pituitary. In this 
study we show that the chronic application of T and 
E recovered the morphological features of castration 
gonadotropes and the intracellular content of both 
gonadotropic hormones. The only parameter that did 
not return to the level of the So controls was the num-
ber of FSH- and LH-labeled cells.
Five weeks post Orx, the gonadotropes were hy-
pertrophied and enlarged, with prominent vesicula-
tion of the cytoplasm caused by the extremely dilated 
rough ER and a well-developed Golgi complex [11]. 
Inoue and Kurosumi [22] reported a 6.5-fold increase 
in LH-reactive gonadotropic cell volume three months 
following Orx. In our study, five weeks post Orx, the 
observed increases in cellular volumes of FSH- or LH-
reactive cells were by about 81% and 49%, respectively. 
This discrepancy could be explained as due to the use 
of different techniques of measurement and sampling. 
Using the planar rotator, we measured the volume of 
unbiasedly sampled individual gonadotropic cells 
throughout the pars distalis. The increased volume 
of gonadotropic cells caused an increase in their over-
all percentage within the pars distalis, i.e. the volume 
density. Using classical stereological methods on dis-
sociated pituitary cells, Childs et al. [9] documented 
that this increase was dramatic 24 h after castration, 
and that it gradually increased during the first month 
[12]. In our study, the increase in volume density of 
FSH- and LH-labeled cells was estimated to be two-
fold. We observed a significantly larger number of 
gonadotropic cells/mm3 in the pars distalis, i.e. an 
increase in their numerical density after Orx. The 
increase of this parameter was due to the increase 
in the number of gonadotropic cells since the refer-
ence volume (pars distalis) remained unchanged. The 
expansion of the gonadotropic population after Orx 
was recently observed as an increase in the number 
of GnRH-responding cells in mice [23-25]. Intracel-
lular storage of FSH and LH in castration cells was 
increased, which was previously shown at the ultra-
structural level [11].
It was shown that hypertrophy of gonadotropes 
after Orx is caused by increased stimulation by 
GnRH, and that it can be prevented by injection of 
anti-GnRH antibody [26]. The addition of GnRH into 
the pituitary culture medium results in hypertrophic 
gonadotropes similar to those observed following go-
nadectomy [27]. Estradiol and dihydrotestosterone 
(DHT), a nonaromatizable androgen, both provide 
a recovery of the GnRH content in Orx male mice, 
which suggests that androgen and estrogen signaling 
pathways can regulate the GnRH content in castrated 
males [8]. However, sex steroids can act on gonado-
tropic cells directly, since expression of androgen and 
estrogen receptors was found in gonadotropes of rats 
[5,6]. Whether they act at the hypothalamic or pitu-
itary levels or both, T and E effectively suppress serum 
FSH and LH concentrations [8].
In our study, T and E both brought about the 
recovery of hyperstimulated gonadotropes. Histo-
logically, this was observed as an absence of typical 
castration cells in the pars distalis of treated males. 
Stereologically, the volume and volume densities of 
FSH- and LH-labeled gonadotropes were significantly 
reduced. Intracellular βFSH and βLH fluorescence 
was decreased to the level observed in So controls. 
The differences between the sex steroid treatments 
were detected in the volume of the pars distalis, the 
number of gonadotropic cells and their numerical 
density. E caused an almost two-fold increase in the 
volume of the pars distalis. E stimulates the prolifera-
Fig. 3. Immunofluorescence of gonadotropic cells in the pituitar-
ies of male rats. A – the relative intensity of fluorescence (RIF) of 
FSH and LH cells in the pituitary pars distalis of sham-operated 
(So), orchidectomized (Orx), and orchidectomized rats treated 
either with T (Orx+T) or E (Orx+E). All values are provided as 
the mean±SD; n = 6. *p<0.05 Orx vs. So; # p<0.05 Orx treatment 
vs. Orx control. B – representative micrographs of gonadotropic 
cells; immunofluorescence for βLH in the pituitary pars distalis of 
sham-operated (So), orchidectomized (Orx), and orchidectomized 
rats treated with T (Orx+T) or E (Orx+E).
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tion of pituitary cells [28], which was confirmed in 
prolactin [29] and adult stem cells [30], resulting in 
an increase in the volume of the pars distalis. T on 
the other hand had no effect on this parameter. The 
number of gonadotropic cells after treatment with T 
remained at the same level as in the pars distalis of Orx 
males, whereas after treatment with E it increased. A 
statistically significant difference was observed only 
in FSH-labeled cells; however, an increasing trend 
was also detected in LH-reactive cells. The numeri-
cal density, i.e. the number of cells per unit volume 
of reference space, is the quotient of the number of 
gonadotropic cells and the volume of pars distalis. 
Consequently, this parameter was unchanged after 
the treatment with T and decreased after treatment 
with E. The reason for this is the enlarged volume of 
the pars distalis after the administration of E. It should 
be noted that the expansion of the pars distalis volume 
was caused mostly by the multiplication of prolactin 
cells, and that it was not accompanied by the mul-
tiplication of gonadotropic cells to the same extent. 
The literature data about the effects of E and T 
on the number of gonadotropic cells after castration 
are scarce, although the presented findings are in 
agreement with the expansion of gonadotropic cells 
after Orx. Inoue et al. [24] reported on a decrease in 
gonadotropic cells with mitotic figures after a week’s 
treatment with T one week post Orx. On the other 
hand, it has been shown that aromatizable androgens, 
such as T that was used in our study, exert a transient 
stimulatory effect on pituitary mitotic activity [28]. 
However, the FSH- and LH-labeled cells observed in 
our study could have originated and increased not 
only as a consequence of mitotic division, but also as 
the result of the differentiation of immature cells into 
gonadotropes and the transdifferentiation of mature 
pituitary cells from another lineage into gonadotropes 
[31]. Childs [32] suggested that a population of mul-
tihormonal/multipotent cells exists in the pituitary in 
order to provide support for all of the requirements 
of the gonadotropins at mid-cycle in females. Growth 
hormone cells are possible candidates, since the co-
expression of GnRH and growth hormone releasing 
hormone (GHRH) receptors has been documented. 
The expression of GnRH receptors is stimulated by E 
and possibly activin [32]. In our study, the high doses 
of E applied to males could have triggered transdiffer-
entiation and sustained the high number of gonado-
tropic cells.
In conclusion, we have demonstrated that the ex-
posure of Orx rats to T or E causes the recovery of 
castration gonadotropic cells in terms of their volume, 
volume density and specific hormone content. The 
number of gonadotropic cells was the only parameter 
that did not return to the control level and in which 
the difference between the effect of estradiol and tes-
tosterone treatment was observed. 
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